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ABSTRACT

The Moderate Resolution Imaging Spectroradiometer (MODIS) and the Atmospheric Infrared Sounder (AIRS)
measurements from the Earth Observing System’s (EOS's) Aqua satellite enable global monitoring of the dis-
tribution of clouds. MODIS is able to provide a cloud mask, surface and cloud types, cloud phase, cloud-top
pressure (CTP), effective cloud amount (ECA), cloud particle size, and cloud optical thickness at high spatial
resolution (1-5 km). The combined MODIS-AIRS system offers the opportunity for improved cloud products,
better than from either system alone; this improvement is demonstrated in this paper with both simulated and
real radiances. A one-dimensional variational (1DVAR) methodology is used to retrieve the CTP and ECA from
AIRS longwave (650-790 cm~* or 15.38-12.65 um) cloudy radiance measurements (hereinafter referred to as
MODIS-AIRS 1DVAR). The MODIS-AIRS 1DVAR cloud properties show significant improvement over the
MODIS-alone cloud properties and slight improvement over AIRS-alone cloud properties in a simulation study,
while MODIS-AIRS 1DVAR is much more computationally efficient than the AIRS-alone 1IDVAR; comparisons
with radiosonde observations show that CTPs improve by 10—40 hPa for MODIS-AIRS CTPs over those from
MODIS aone. The 1DVAR approach is applied to process the AIRS longwave cloudy radiance measurements,
results are compared with MODI S and Geostationary Operational Environmental Satellite sounder cloud products.
Data from ground-based instrumentation at the Atmospheric Radiation Measurement Program Cloud and Ra-
diation Test Bed in Oklahoma are used for validation; results show that MODIS-AIRS improves the MODIS
CTP especialy in low-level clouds. The operational use of a high-spatial-resolution imager, along with infor-
mation from a high-spectral-resol ution sounder will be possible with instruments planned for the next-generation

geostationary operational instruments.

1. Introduction

Clouds play an important role in the earth’s water and
energy budgets. Their impact on the radiation budget
can result in a heating or a cooling of the planet, de-
pending on the radiative properties of the cloud and its
atitude (Stephens and Webster 1981; Stephens et al.
1990). Cloud parameters, such as cloud-top height and
fractional cloud coverage and emissivity, are useful in
numerical weather prediction (NWP; Diak et al. 1998;
Bayler et al. 2000; Kim and Benjamin 2000).

Many schemes have been proposed for estimating
cloud parameters from multispectral radiance observa-
tions (Isaacs et al. 1986; Wielicki and Coakley 1981;
Susskind et al. 1987; Eyre and Menzel 1989). One im-
portant method using passive remote sensing data for
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obtaining the altitude of mid- and upper-level clouds,
especially transmissive clouds, is the CO,-slicing tech-
nique (Chahine 1974; Smith et al. 1974; Smith and Platt
1978; Menzel et a. 1983; Menzel et a. 1992). Through
satellite infrared remote sensing, cloud properties can
be measured with high spatial and temporal resolution.
The Geostationary Operational Environmental Satellite
(GOES; Menzel and Purdom 1994) sounder cloudy ra-
diance measurements, for example, provide hourly
cloud parameters with a 10-km resolution (Schreiner et
al. 2001).

The CO,-slicing algorithm calculates both cloud-top
pressure (CTP) and effective cloud emissivity or effec-
tive cloud amount (ECA; the product of the fractional
cloud cover N and the cloud emissivity ¢.) from radi-
ative transfer principles. This method takes advantage
of the fact that each of the longwave infrared sounding
spectral bands is sensitive to a different layer in the
atmosphere. The CO.,-slicing technique has been shown
to be effective for inferring cloud properties from broad-
band (with spectral resolution worse than 10 cm~*) ra-



1620

diance measurements for single-layer, nonopague mid-
to high-level clouds, such as cirrus (Baum and Wielicki
1994). The CO,-dlicing technique uses two spectral
bands to obtain a solution (the spectral band pair de-
pends on the cloud altitude); errors can be large in some
atmospheric conditions, such as in the presence of a
low-level temperature inversion, low clouds, and mul-
tilayer clouds. The accuracy of the CO,-slicing cloud-
top height and the sources of errors have been docu-
mented (Wielicki and Coakley 1981; Eyre and Menzel
1989; Wylie and Menzel 1989; Menzel et a. 1992;
Schreiner et al. 1993; Baum and Wielicki 1994). The
CO,-dlicing cloud heights have al so been compared with
those computed from lidar data (Smith and Platt 1978;
Wylie and Menzel 1989; Smith and Frey 1990; Frey et
al. 1999). Results show that the CO,-dlicing heights
from low-spectral-resolution IR measurements (like
those obtained from the High Resolution Infrared Ra-
diation Sounder (HIRS; Smith et al. 1979), the GOES
sounder, and the Moderate Resolution Imaging Spec-
troradiometer (MODI S) are within 50-hParmse of lidar,
stereo, and other measurements. However, because of
the limited number of comparisons taken over a small
geographical area, the validation for the CO,-slicing
cloud-top heights is incomplete.

The Atmospheric Infrared Sounder (AIRS; details
available online at http://www-airs.jpl.nasa.gov; Au-
mann et al. 2003) on NASA's Earth Observing System
(EOS) Aqua satellite is a high-spectral-resolution (/A v
= 1200) IR sounder with 2378 channels. AIRS radi-
ances in the IR wavelength region of 3.74-15.4 um
enable the derivative of the vertical profiles of atmo-
spheric temperature and water from the earth’s surface
to an altitude of 40 km with a horizontal resolution of
13.5 km at nadir. Taking advantage of high-spectral-
resolution AIRS longwave cloudy radiance measure-
ments, CTP and ECA can be retrieved with better ac-
curacy than with MODIS. An approach called the min-
imum local emissivity variance (MLEV; Huang et al.
2004) technique has been tested for retrieving the CTP
and ECA from high-spectral-resolution sounder radi-
ances; the MLEV technique seeksthe CTP solution with
the minimum local cloud emissivity variance. However,
the MLEV technique is not appropriate for operational
processing because of its considerable computational
reguirements; overcast radiance cal culations are needed
from upper- to lower-level clouds for each longwave
channel in order to seek the minimum. The CO,-slicing
algorithm can also be applied to retrieve CTP and ECA
from AIRS radiances; however, it is difficult to select
pairs from high-spectral-resolution sounder channels
and give proper weight to each pair (Antonelli 2001;
Smith and Frey 1990). In this paper, the one-dimensional
variational method (1IDVAR), using an iterative ap-
proach to find the solution, is shown to provide an ef-
ficient way to retrieve clouds using high-spectral-res-
olution sounder longwave cloudy radiance measure-
ments. Since an AIRS-independent background is need-
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ed in the 1DVAR approach, the existing 5-km
operational MODI S cloud product is an obvious choice.
It should be noted that the current operational CTP prod-
ucts are created together with temperature and moisture
sounding profiles using a cloud-clearing algorithm from
combined AIRS and AM SU measurements (Susskind et
al. 2003). The 1DVAR algorithm is a practical way for
retrieving cloud parameters from imager and sounder
systems without microwave data. In addition, this study
using MODIS-AIRS data is also relevant to the utili-
zation of data from Advanced Baseline Imager (ABI)
and Hyperspectral Environmental Suite (HES) systems
on GOES-R.

MODIS (details available online at http://modis.
gsfc.nasa.gov/about/specs.html) is a key instrument of
the EOS Terra and Aqua satellites for conducting global
change research. It provides global observations of
earth’sland, oceans, and atmospherein 36 visible (V1S),
near infrared (NIR), and infrared (IR) regions of the
spectrum from 0.4 to 14.5 um. MODIS cloud products
(details available online at http://modis.gsfc.nasa.gov/
data/dataproducts.html) include, but are not limited to,
the cloud mask (Ackerman et al. 1998), which provides
each MODIS 1-km pixel with a clear index (confident
clear, probably clear, confident cloudy, and probably
cloudy); cloud phase, which provides each MODIS 1-km
pixel with a phase index (water clouds, ice clouds,
mixed phase, etc.); and CTP and ECA from MODIS
CO, band measurements with a 5-km spatial resolution
(King et al. 2003; Platnick et al. 2003).

The 1DVAR algorithm simultaneously accounts for
the instrument noise, uncertaintiesin the radiativetrans-
fer model, atmospheric temperature and moisture ef-
fects, and the satellite measurements of clouds. Since
al longwave CO, spectral cloudy radiances are 1) in-
versely weighted by their instrument noise plus the as-
sumed forward model error and 2) used simultaneously
in the IDVAR retrieval processing, noticeableimprove-
ments in 1IDVAR cloud retrievals were found over the
CO,-dlicing cloud parameters (Li et al. 2001). A fast
and accurate radiative transfer model called the Stand-
Alone AIRS Radiative Transfer Algorithm (SARTA;
Hannon et al. 1996; Strow et a. 2003; details available
online at http://asl.umbc.edu/pub/rta/sartal) was used for
AIRS clear-sky atmospheric transmittance cal cul ations;
it has 100 pressure-layer (101 pressure levels) vertical
coordinates from 0.005 to 1100 hPa. The calculations
take into account the satellite zenith angle, absorption
by well-mixed gases (including nitrogen, oxygen, €etc.),
water vapor (including the water vapor continuum),
ozone, and carbon dioxide.

Synergistic use of high-spatial-resolution MODIS
cloud products and high-spectral-resolution AIRS long-
wave cloudy radiance measurements, described in this
paper, can be applied to process EOS direct broadcast
MODIS-AIRS data. These techniques will be relevant
to data from the Visible Infrared Imaging Radiometer
Suite (VIIRS) and Cross-Track Infrared Sounder (CrlS)
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on the National Polar-Orbiting Environmental Satellite
System (NPOESS) and relevant to data from the Ad-
vanced Baseline Imager (Schmit et al. 2002) and Hy-
perspectral Environmental Suite system on GOES-R
(Gurka and Schmit 2002).

Section 2 presents the formulation for calculating the
AIRS longwave cloudy radiances and estimating the
sensitivity of CTP and ECA to AIRS measurements.
Section 3 describes the 1IDVAR retrieval scheme, and
section 4 presents some simulation results. Section 5
compares the operational MODIS and GOES sounder
cloud products with the MODIS-AIRS 1DVAR cloud
retrievals. The results and implications are discussed in
section 6, and future extensions and conclusions are
summarized in section 7.

2. Sensitivity of AIRS longwave radiances to cloud
height and amount

For a given longwave AIRS channel at wavenumber
v, the measured clear-sky radiance is given by

Ps
Rclr = 8sBs'Ts - f B dT(O! p)
0

+ (1 - &) J“’S B dr*, (N}

where R,, is the clear spectral radiance in the infrared
region as seen by the satellite sensor; B is the Planck
radiance, which is a function of T(p); p is pressure; 7
is the atmospheric transmittance function; subscript s
denotes surface; 7 = 72/t is the downwelling trans-
mittance function; and ¢, is the surface emissivity. The
three terms on right side of Eq. (1) represent the surface
radiation, atmospheric radiation, and surface-reflected
downwelling atmospheric radiation, respectively, reach-
ing the satellite sensor. For an overcast black (e, = 1)
cloud at pressure p,, the radiance (R,,) is given by

Rug = Bor, — J "B dr(0, p), @

where subscript ¢ denotes the cloud top. The upwelling
radiance (R) for apartially cloud-filled footprint isgiven
by

R = (1 - Nsc)RcIr + NecRcId' (3)

In this equation, the cloud emissivity ¢, is multiplied
by the cloud fractional coverage N, and the quantity Ne,
is referred to as the effective cloud amount. Scattering
by the atmosphere is assumed to be negligible in all of
the above.

Knowledge of the instrument performance and at-
mospheric transmittance function characteristicsis nec-
essary for estimating the accuracy of the cloud property
retrievals. A linearized differential form of Eq. (3) with
respect to the CTP and the ECA (Li et al. 2001),
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5R = (Ryy — Ry)S(Ne.) + (Nec)fci—i“épc, (4

yields the sensitivity functions 0R/d(Ne.) = R,y — Ry,
and oR/ap, = (Ne.)7.(dB./9p) of the ECA and the CTR,
respectively. The magnitude for ECA sensitivity is the
radiance change (delta R) resulting from a change in
ECA of 0.1, while the magnitude for CTP sensitivity is
the radiance change resulting from a change in CTP of
10 hPa. Figure 1 shows the CTP sensitivity functions
for an opaque (Ne, = 1) cloud (right) and the ECA
sensitivity functions (left) of AIRS longwave channels
with wavenumbers ranging from 680 to 815 cm~* for
a subartic winter atmosphere (Fig. 1a) and a tropical
atmosphere (Fig. 1b). The surface skin temperature is
set to be equal to the surface air temperature in the
sensitivity calculations. The ordinateisthevertical pres-
sure from 100 to 1100 hPa with step sizes from 5 to 20
hPa, and the abscissais the wavenumber for AIRS long-
wave channels with a step size of Av for wavenumber
v given by v/Av = 1200. The red color indicates strong
sensitivity, while the blue color presents weak sensitiv-
ity. Note that the actual sensitivity to CTP should be
the magnitude in this figure times the ECA; therefore,
thick clouds have more sensitivity to CTP than thin
clouds. In general, mid- and high-level clouds (clouds
above the 700-hPa level) have more sensitivity to ECA
where the difference between clear and overcast radi-
ances is large.

Thereare good CTP sensitivitiesfor most cloud levels
except very high and very low level clouds. Thetropical
atmosphere provides much better CTP information in
the AIRS radiances for high- and low-level clouds
(within 100 hPa) than a subarctic winter atmosphere
(within 200 hPa). All AIRS longwave channels have
maximum CTP sensitivities at approximately 400—600
hPa, which means clouds with a CTP inside this range
are easier to retrieve than those with a CTP outside this
range.

3. The 1IDVAR retrieval scheme

The 1DVAR agorithm for AIRS CTP and ECA re-
trievals uses the operational MODIS CTP and ECA de-
rived from the CO,-slicing algorithm (Frey et al. 1999;
Platnick et al. 2003) as background and first-guess in-
formation to calculate the nonlinear optimal solution of
cloud parametersfrom the AIRS longwave spectral band
cloudy radiance measurements. AIRS channels with
wavenumbers between 650 and 790 cm~* are used in
the CTP and ECA retrieval. Given an AIRS-observed
cloudy radiance, R, for each channel, then R = R(T, q,
T., &4 Per Ne.) [see Eq. (3)], which has the form

Y = F(X), (5)

where the vector X contains CTP and ECA [the at-
mospheric temperature profile T(p), moisture profile
q(p), surface skin temperature T, and infrared surface
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Fic. 1. The CTP sensitivity functions for (right) an opaque cloud and (left) the ECA sensitivity
functions of AIRS longwave channels with wavenumbers ranging from 680 to 815 cm~—* with (a)
a subarctic winter atmosphere and (b) a tropical atmosphere.

emissivity e, are assumed to be known or obtained from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) forecast model analysis|, and Y con-
tains N satellite-observed cloudy radiances. The linear
form of Eq. (5) is

oY = F'8X, (6)
where F’ is the linear or tangent model of the forward
model F, which is outlined by Eq. (4).

The 1DVAR approach is to minimize a penalty func-
tion J(X), which measures how well the radiance mea-
surements fit the background information and possibly
other physical constraints. A general form of the IDVAR
solution (Rodgers 1976; Eyre 1989) is given by

JX) = [Y™ = YX)I'E[Y™ = Y (X)]
+ (X = X)TBHX = Xo), @)

where the vector X contains the CTP and ECA that need

to be solved. Since ECA is spectrally dependent, ECAs
at 10 wavenumbers (710, 720, 730, 740, 750, 760, 770,
780, 790, and 800 cm~*) are retrieved, and ECA for a
given channel will be obtained by linear interpolation
from these 10 ECAs. Here, X; is the background infor-
mation inferred from the MODIS operational CTP and
ECA products; Y™ is the vector of the AIRS-measured
cloudy radiances used in the retrieval process; Y (X) isa
vector of cloudy radiances cal culated from the cloud state
X; E isthe observational error covariance matrix, which
includesinstrument noise plus the assumed forward mod-
el error; and B is the assumed background error covari-
ance matrix, which constrains the solution. To solve Eq.
(7), a Newtonian iteration is used:

X = Xy + J7(X,) 7' (X)), (©)

where J' is the first derivative of the cost function, and
J” is the second derivative. The following quasi-non-
linear iterative form (Eyre 1989) is obtained:
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8X ey = (FIEF, + B2 *FIE1(8Y, + F,0X,),
)

where 6X, = X, — Xg, 8Y, = Y™ — Y(X,), and F|,
from Eq. (6) represents the linear terms with 6R ex-
pansion of Eq. (4).

The background error covariance matrix B isassumed
to be diagonal with a standard deviation (square root of
the diagonal element) of 50 hPa for the MODIS CTP
error and 0.15 for the MODIS ECA. The logarithm of
CTP is used to stabilize the solution of Eqg. (9), and the
background error for Inp. is A Inp, = Ap./p. ~ 0.01,
assuming that the averaged CTP is 500 hPa. The mea-
surement error covariance matrix E is a fixed diagonal
matrix, where each diagonal element is the square of
the AIRS instrument noise plus an assumed forward
model error of 0.2 K for each longwave channel. The
first guess X, or the starting point of the iteration in
Eqg. (9), isaso from the MODIS CTP and ECA product.

4. A simulation of AIRS-MODIS cloud retrievals

To evaluate the MODIS-AIRS (1DVAR retrieval
from AIRS radiances with the MODIS product as the
background and first-guess information) improvement
over either the MODIS-alone or AIRS-alone cloud pa-
rameters, a simulation study was conducted initially.
The AIRS-alone 1DVAR takes an estimate of CTP and
ECA from the minimum residual (MR) method as the
background and first-guess information. The MR meth-
od seeks the CTP and a wavenumber-independent ECA
by minimizing the differences between observationsand
calculations using CO,, channels between 750 and 790
cm~*. Therefore, the estimate of the cloud-top pressure
p? and effective cloud amount Ne¢ is given by

6%(pg, Neg) = mind?(p;, Ne.), (10)

where

52(pm Nec) = 2 [ij - Rj(pu NSC)]Z, (11)

]

R is calculated by Eg. (3), and the summation is over
channels between 750 and 790 cm~*. See Eyreand Men-
zel (1989) for details on MR. It should be noted that
the MR procedure is time consuming since more over-
cast radiance calculations are needed from upper- to
low-level clouds for each AIRS channel in order to seek
the minimum. This procedure can also be applied to
MODIS-aone 1DVAR retrievals.

For this simulation, 450 global radiosonde profiles
representing various atmospheric conditions were se-
lected, and 40 combinations were formed from each
profile by assigning four CTPs (200, 300, 550, and 850
hPa plus a 50-hPa random variation corresponding to
very high, high-, mid-, and low-level clouds) and 10
ECAs(0.1,0.2,0.3,0.4,0.5,0.6, 0.7, 0.8, 0.9, and 1.0).
The MODIS and AIRS longwave cloudy radianceswere
simulated [using Egs. (1)—(3)] for al combinations of
each profile. A spectrally constant ECA for bothMODIS
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and AIRS was assumed in the simulated MODIS and
AIRS cloudy radiances, while an infrared surface emis-
sivity of 0.98 for each AIRS longwave channel and
MODIS spectral band was assumed in the simulated
radiance. The AIRS instrument noise (see Fig. 16 for
the AIRS instrument noise of granule 193 on 06 Sep-
tember 2002) plus a forward model error of 0.2 K were
randomly added to each AIRS channel cloudy radiance
calculation. Also the MODIS instrument noise plus a
forward model error of 0.2 K were added to each MOD-
IS spectral band. The radiative transfer calculation of
the MODIS spectral radiances is performed using a
transmittance model called the Pressure-Layer Fast Al-
gorithm for Atmospheric Transmittances (PFAAST;
Hannon et al. 1996); this model also has 101 pressure-
level vertical coordinates from 0.05 to 1100 hPa. The
calculations take into account the satellite zenith angle
and absorption by well-mixed gases (including nitrogen,
oxygen, and carbon dioxide), water vapor (including the
water vapor continuum), and ozone. The simulation
study focused on the following three configurations:

1) MODIS-aone 1DVAR, where the CTP and ECA
estimates from MODIS radiances using the MR
method serve as the background and first-guess in-
formation—1DVAR was performed withMODISra-
diances.

2) AIRS-alone 1IDVAR, where CTP and ECA estimates
from AIRS radiances between 750 and 790 cm~—*
using the MR method serve as the background and
first-guess information—1DVAR was performed
with AIRS radiances between 650 and 790 cm 1.

3) MODIS-AIRS 1DVAR, where CTP and ECA esti-
mates from MODI S radiances using the MR method
serve as the background and first-guess informa-
tion—1DVAR was performed to the AIRS radiances
between 650 and 790 cm—1.

For atmospheric temperature, a 1.5-K random error was
assumed at each pressure level, which is close to the
accuracy of the forecast model analysis. A 15% error
was included for the water vapor mixing ratio at each
pressure level. For surface skin temperature a random
error of 2.5 K was assumed and a 1.5% error was in-
cluded for IR surface emissivity. Figure 2 shows the
retrieved CTP root-mean-square error (rmse) with re-
spect to truth for the MODIS-alone 1DVAR, AIRS
aone 1DVAR, and MODIS-AIRS 1DVAR retrievals
for the four cloud types. MODIS-AIRS 1DVAR sig-
nificantly reduces the MODIS-alone 1DVAR CTP rmse
by 10—40 hPa for most clouds. AIRS-alone 1DVAR is
much better than MODIS-alone 1DVAR because of the
high spectral resolution of AIRS radiances. Overall,
MODIS-AIRS 1DVAR is dlightly better than AIRS-
alone 1DVAR, but MODIS-AIRS 1DVAR is dlightly
worse than AIRS-alone 1DVAR for very thin high cloud
because of the poor first guess from MODIS for very
thin clouds. The AIRS-alone 1DVAR changesthe AIRS
MR results slightly, as does the MODIS-alone 1DVAR
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FiG. 2. The retrieved CTP rmse with respect to truth for the MODIS-alone 1DVAR, AIRS-
alone 1DVAR, and MODIS-AIRS 1DVAR retrievals for the four cloud types (very high, high-,

mid-, and low-level clouds).

(not shown), because of the fact that most CO, channel
radiances are already used in the MR method. However,
1DVAR is able to retrieve the spectrally dependent
ECA, whilethe MR only gives a spectrally independent
ECA.

5. Retrieval of cloud parameters from AIRS
longwave radiance measur ements

The operational MODIS cloud products using the
CO,-dlicing technique are used as the background in-
formation and first guess in the MODIS-AIRS 1DVAR
processing with AIRS radiance measurements, and the
results from MODIS-AIRS are compared with MODIS
operational products in the following discussion. A
granule of AIRS datawas studied. Each granule contains
135 lines with each line containing 90 pixels. Figure 3
shows the AIRS longwave window channel 763 (901.69
cm~1) brightness temperature (BT) imagesat 1917 UTC
6 September 2002. The red color indicates warm scene
or clear skies, while the blue color represents a cold
scene or cloudy skies. Collocated MODIS data were
used for the AIRS CTP and ECA retrieval study. The
1-km MODIS pixels are collocated to each AIRS foot-
print. The collocation accuracy is better than 1 km pro-
vided that the geometry information from both instru-
ments is accurate (Li et al. 2004). Radiances from 14
MODIS spectral bands are used to estimate whether a
given view of the earth’s surface is affected by clouds,
aerosol, or shadow (Ackerman et al. 1998), and the

resulting MODIS operational cloud mask, MYD35, is
used in this study. The AIRS footprint is determined to
be cloudy for cloud retrieval only when the percentage
of the clear MODI S pixels within the AIRS footprint is
less than 10%. The atmospheric temperature and mois-
ture profiles as well as the surface skin temperature are
taken from the ECMWF forecast model analysisin the
1DVAR retrieval. The iteration,

Xi = X = X, (12)
is monitored for divergence (when x;., > x;, within
two iterations, the iteration is stopped, and the retrieval
is assumed to have failed) and convergence (when y <
0.5 or amaximum of six iterations is reached). In each
iteration, the CTP is limited to 115 hPa for the highest
and 1000 hPa for the lowest, while the ECA must be
between 1.0 and 0. Only AIRS longwave channels with
observed-minus-calculated BTs greater than 3 times the
instrument noise are used in the 1IDVAR; 1DVAR will
not be attempted if less than five AIRS channels are
found.

The 1-km MODIS CTPs and ECAs (expanded from
operational 5-km products) within each AIRS footprint
are averaged as

2 pi(Nel)
P = 72 (Ned) and (13a)
1 ,
Nz, = 3 > (Ns)), (13b)
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Fic. 3. The AIRS longwave window channel 763 (901.69 cm~*) BT image at 1917 UTC 6 Sep
2002 (AIRS granule 193).

wherej(j = 1, 2, ..., J) isthe index of the MODIS
1-km pixels within the AIRS footprint, J is the total
number of MODIS 1-km pixels collocated to the AIRS
footprint, and p, and Nz, are used as the background
and the first-guess information for the 1IDVAR cloud
retrieval for that AIRS footprint.

In the selected granule, 6332 AIRS footprints were
detected to be cloudy, and 5232 had successful cloud
retrievals (83%). For the remaining 1100, the residual
between measured and calculated (from the MODIS
CTP and ECA background information) brightnesstem-
peratures was too small (8%) or the cloud retrieval failed
to converge (9%); nonconvergence occurred primarily
in multilayer cloud conditions as estimated by the MOD-
IS classification (Li et al. 2003).

Several AIRS footprints are selected for detailed anal -
ysis. These footprints include two that have thick high-
level and thick low-level clouds, two that have partial
clouds, and one that has midlevel clouds. Figure 4 shows
the study area A1l (see Fig. 3 for the location) with the
MODI S classification mask collocated to the AIRS foot-
prints. Single-layer high clouds or low clouds within
the AIRS footprints are well identified by the MODIS
classification mask. Some AIRS footprints contain mul-
tilayer clouds (e.g., mixed mid- and low-level clouds).
Footprints F1 (line 125, pixel 44) and F2 (line 121, pixel
41) represent thick high clouds and low clouds, re-
spectively, according to the MODI S classification mask.
Footprint F1 is determined to be ice clouds while F2 is

water clouds based on the MODIS cloud phase mask.
Figure 5 (top) shows the AIRS longwave cloudy BT
calculation [see Eq. (3)] fromthe MODIS CTPand ECA
(dotted line), the BT calculation from the MODIS-
AlIRS-retrieved CTP and ECA [see Eg. (9); long dashed
line], and the cloudy BT observation (solid line) spectra
for footprint F1. Figure 5 (bottom) shows the corre-
sponding BT difference between observation and cal-
culation. Figure 6 isthe same as Fig. 5, but for footprint
F2. In general, MODI S did very well for thick clouds—
there is only a slight change in the MODIS-AIRS CTP
from the MODIS CTP; however, there is a better fit
between the cal culation and observation with the MOD-
IS-AIRS CTP and ECA than with the MODIS cloud
products.

Figure 7 shows the study area A2 (Lake Michigan
area; see Fig. 3). Footprints F3 (line 70, pixel 80) and
F4 (line 69, pixel 79) view ice clouds in partly cloudy
conditions. Figure 8 showsthat MODIS-AIRS produces
only slight changesin the MODIS CTP in thisvery thin
cloud in footprint F3; however, MODIS-AIRS changes
the MODIS ECA by 0.05, which results in a significant
BT difference, according to Fig. 1. Although the cal-
culation with MODIS-AIRS-retrieved CTP and ECA
fits the observation very well in the CO, region (650—
790 cm~* or 12.66-15.38 um), there is still a discrep-
ancy between the calculation and observation in the IR
window region (900—1130 cm~* or 8.85-11.11 um) due
to the scattering in ice clouds.
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FiG. 4. The study area A1 (see Fig. 3) of MODIS classification mask collocated to AIRS
footprints. Footprints F1 and F2 are classified as thick high clouds and low clouds, respectively.
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Fic. 6. Same asin Fig. 5, but for F2.

In order to account for the scattering and absorption
effects in ice clouds and water clouds, a fast radiative
transfer cloudy model for a hyperspectral IR sounder is
being developed through joint efforts at the University
of Wisconsin—Madison and the Texas A&M Univer-
sity. In the fast cloudy radiative transfer model, single

scattering in ice clouds assumes hexagonal shapes for
large particles and droxtals for small particles (Yang et
al. 2001, 2003). For water clouds, spherical water drop-
lets are assumed. The Lorenz—Mie theory is used to
calculate the single-scattering properties. The cloud mi-
crophysical properties are described in terms of cloud

MODIS Classification Mask

Water  land Mixed cd Mixed cir

Mid cld dd Mddd Lowcld

Fic. 7. The study area A2 (Lake Michigan area; see Fig. 3) of the MODIS classification mask
collocated to the AIRS footprints.
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Fic. 8. Same as Fig. 5, but for F3.

particle size (CPS) in diameter and visible cloud optical
thickness (COT). Given the visible COT and CPS, the
IR COT, single-scattering albedo, and asymmetry factor
can be parameterized for radiative effects of ice clouds
and water clouds. The cloudy radiance for agiven AIRS
channel can be calculated by combining the clear-sky
optical thickness from SARTA and the cloud effects by
adding a COT, single-scattering albedo, and scattering
phase function. Studies show that the slope of an IR
cloudy BT spectrum between 790 (12.6 um) and 960
cm~1(10.4 um) is sensitive to the CPS, while the cloudy
radiances are sensitive to COT in the region from 1050
(9.5 um) to 1250 cm~* (8 wm) for ice clouds (Chung
et a. 2000; Wei et al. 2004, hereinafter WO04).

From the determined CTR, the CPS and COT can be
retrieved simultaneously from 800 (12.5 um) to 1130
cm~1 (8.8 um), also using the variational approach. The
MODIS CPS and COT products serve asthe background
and first-guess information as before. The details on the
fast cloudy radiative transfer model and the retrieval of
cloud microphysical properties (CPS and COT) are de-
scribed in another paper (Li et al. 2004, manuscript
submitted to J. Appl. Meteor.). Calculations (thick solid
line) that include the MODIS-AIRS estimates of CPS
and COT fit the observations (thin solid line) quite well
for all AIRS longwave channels shown in Fig. 8 for
footprint F3. Figure 9 is the same as Fig. 8, but for
footprint F4, which has more ice cloud cover. The AIRS
radiance measurements raise the MODIS CTP by 17
hPa, while they decrease the MODIS ECA by approx-
imately 0.05; the calculation fits the observation better
after this CTP and ECA adjustment from the AIRS ra-

diance measurements. Again, there is a significant dif-
ference between the calculation and the observation in
the window region [see Eq. (3)]; this discrepancy is
almost removed by accounting for the effects of the
cloud particle size. The BT calculation with CPS and
COT fits the slope of the observation very well.

Figure 10 shows the study area A3 (see Fig. 3) of
the MODIS classification mask collocated to the AIRS
footprints. Footprint F5 (line 126, pixel 10) indicates
midlevel ice clouds according to the MODIS classifi-
cation mask and the MODI S cloud phase mask. Figure
11 shows that there is a large difference between cal-
culation with the MODIS cloud products and obser-
vation in the CO, region. However, the difference in the
CO, region is amost removed by the calculation with
the AIRS-retrieved CTP and ECA; AIRS adjusted the
MODIS CTP by 68 hPa. The slope of the BT in the
spectral window region for F5issignificantly larger than
that found in F3 and F4, suggesting smaller CPS. With
AlIRS-retrieved CPS and COT for this footprint, the
calculation (thick solid line) fits the observation (thin
solid line) slope very well, indicating that the cloud
microphysical properties can be retrieved effectively by
the AIRS radiance measurements. W04 have compared
AIRS COT retrievals with MODIS COT products; the
correlation is very high, but AIRS can also provide
nighttime retrievals.

Figure 12 shows the 6 September 2002 operational
MODIS 5-km CTP (upper left), the AIRS-alone 14-km
CTP (upper right), the GOES sounder 10-km CTP (low-
er left), and MODIS-AIRS 14-km CTP (lower right)
for 1917 UTC (the time for the GOES sounder retrievals



NovEMBER 2004

LI ET AL.

1629

270

-~ 250

—— Observation )
Calculation with MODIS CTP (285hPa) and ECA (0.63)

— — Calculation with MODIS+AIRS CTP (248hPa) and ECA (0.58)
—— Calculation with MODIS+AIRS CTP, CPS (67.5) and COT (1.18)

[
[ I

1
800 850

1
g
[ i e e e
o

)
1000 1100

1050

Wavenumber (cm*-1)

FIiG. 9. Same as i

is 1846 UTC). The GOES sounder CTP retrieval
(Schreiner et a. 2001) and the operational MODIS CTP
use the National Centers for Environmental Prediction
(NCEP) Global Data Analysis System (GDAS) analysis,
whilethe AIRS-alone CTPand MODIS-AIRSretrievals
use the ECMWF forecast model analysis. Different fore-

MODIS Clas:

n Fig. 5, but for F4.

cast analyses should not result in significantly different
CTPretrievals, according to Menzel et al. (1992). Figure
13 shows the associated scatterplot between collocated
MODIS-AIRS and the operational MODI S or the GOES
sounder CTPsfor AIRS single-layer clouds[single-layer
clouds are determined by the MODIS classification

sification Mask
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Fic. 10. The study area A3 (see Fig. 3) of the MODIS classification mask collocated to AIRS
footprints.
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mask (Li et al. 2004)] from granule 193 on 6 September
2002. In general, both MODI S and GOES sounder CTPs
agree well with MODIS-AIRS CTPs; the discrepancies
between GOES sounder CTPs and the MODIS-AIRS
CTPs might be due to the multilevel clouds within the
GOES sounder field of view (FOV), athough the AIRS
footprint contains single-layer clouds. Spatial and tem-
poral differences between AIRS and the GOES sounder
also result in some CTP differences. Figure 14 is the
same as Fig. 13, but for a scatterplot between MODIS-
AIRS and the operational MODIS or the AIRS-alone
CTPs. Both operational MODIS CTPs and AIRS-alone
CTPs have ahigh correlation with MODIS-AIRS CTPs,
but MODIS-AIRS CTPs should have better accuracy
than the operational MODIS CTPs, according to the
above study.

For validation, MODIS-AIRS cloud-top heights
(CTHs) at the Atmospheric Radiation Measurement—
Cloud and Radiation Test Bed (ARM—CART) site in
Purcell, Oklahoma were compared with the ground-
based Vaisala Ceilometer (VCEIL) (Lonngvist 1995)
cloud-base height (CBH) measurements. The CTH
should be higher than the CBH if theretrieval is correct.
The four nearest AIRS footprints (F6, F7, F8, and F9)
surrounding the ARM—CART site at Purcell in the small
area A4 (see Fig. 3) were selected for comparison. The
MODIS true color image (not shown) indicates that thin
and very low level clouds exist in this area; the MODIS
classification mask also indicates very thin and low
clouds within the four AIRS footprints. The CTHSs re-
trieved by MODIS-AIRS and the operational MODIS
CTHsfor thefour footprintsarelisted in Table 1. MOD-

IS-AIRS and MODI S have similar CTHs for footprints
F6 and F7; both are close to the VCEIL CBH. However,
MODIS-AIRS significantly lowers the CTHs from the
MODIS CTHs for F8 and F9, and the MODIS-AIRS
CTHs are closer to the VCEIL CBHs than the MODIS
CTHs for these two AIRS footprints.

6. Discussion

Synergistic use of MODIS cloud products and AIRS
radiance measurements improves cloud property esti-
mation. Using MODIS cloud products (CTP and ECA)
as the background information and first guess in the
AIRS variational retrieval and using the abundant spec-
tral information of AIRS measurements to identify the
cloud microphysical properties (CPS and COT), the
MODIS-AIRS cloud parameter retrievals improve in
comparison with other measurements. Instrument noise
impacts the retrievals for some clouds (Li et al. 2001).
After instrument noise, the largest source of error isthe
radiative transfer model uncertainty. Radiance biases
can significantly influence the CTP and ECA retrievals,
a bias adjustment is suggested to tune the radiance cal-
culation (Seemann et al. 2003). Uncertainties in atmo-
spheric temperature/moisture profiles, surface skin tem-
perature from forecast model analysis, and surface emis-
sivity estimation also influence the cloud property
retrievals.

In order to study the AIRS cloud retrieval stability,
the following three configurations are investigated using
AIRS granule-193 data:



NovEMBER 2004

LI ET AL.

1631

400

FiG. 12. (top left) The operational MODIS 5-km CTR, (top right) AIRS-alone 14-km CTR, (bottom
left) the GOES sounder 10-km CTR, and (bottom right) MODIS-AIRS 14-km CTP for 1917 UTC
(the time for the GOES sounder is 1846 UTC) 6 Sep 2002.

100 200 300

1) Background CTPs are increased by 50 hPa for al
AIRS footprints.

2) Background CTPs are decreased by 50 hPa for all
AIRS footprints.

3) Background CTPs with 50 hPa (standard deviation)
are added.

Figure 15 shows the scatterplot between MODIS-AIRS
CTPs versus MODIS-AIRS CTPs from the three con-
figurationslisted above; the MODIS-AIRS CTPretriev-
als appear to be stable with respect to the background
information. Cloud retrievals in most footprints do not
show a significant change after the background infor-
mation is altered.

The BT residuals between calculation and observa-

500

800 900 1000

tion, along with the root mean square of the noise equiv-
alent temperature difference (rms NeDT) from all the
AIRS cloudy footprintsin the granule are shown in Fig.
16. The BT residual rmswiththe MODIS CTP and ECA
products remains large in the CO, region, while they
are reduced significantly by the MODIS-AIRS CTP and
ECA retrievals. The BT residua rms with AIRS CTP
and ECA retrievalsisless than 1 K for most CO, chan-
nels although it is larger than the NeDT; it remainslarge
in the window region (not shown) because of scattering
or absorption. Figure 9 suggests that the window region
differences are removed by introducing AIRS estimates
of CPS and COT in the calculation of radiances. Li et
al. (2004, manuscript submitted to J. Appl. Meteor.)
contains more details.
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Fic. 13. The scatterplot between collocated MODIS-AIRS CTPs
and the operational MODIS CTPs (circles) or the GOES sounder
CTPs (stars) for the AIRS single-layer clouds of granule 193 on 6
Sep 2002.

7. Conclusions

An approach for the synergistic use of MODIS cloud
product estimates and AIRS radiance measurements to
retrieve cloud height and amount is described in this
paper. CTP and ECA derived from the MODIS opera-
tional algorithm are used as background and first-guess
information in the AIRS 1DVAR retrieval processing.
Results suggest that the AIRS-MODIS retrievals com-
pare better with other cloud measurements (radiosonde
and ceilometer). In addition, spectra calculations using
MODIS-AIRS cloud properties agree quite well with
actual AIRS measurements.

MODIS or AIRS CTP (hPa)

230 ; 50 630 730 530 %30
MODIS+AIRS CTP (hPa)

Fic. 14. The scatterplot between collocated MODIS-AIRS CTPs
and the operational MODIS CTPs (circles) or the AIRS-alone CTPs
(stars) for the AIRS granule 193 on 6 Sep 2002.
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TaBLE 1. The cloud-top heights retrieved by AIRS and MODIS
measurements for the four nearest AIRS footprints surrounding the
ARM-CART site at Purcell, OK.

Instruments F6 F7 F8 F9
MODIS CTH (km) 1.475 1475 2760 2510
MODIS-AIRS CTH (km) 1468 1452 1730 1.483
VCEIL CBH (km) 1.100 1.100 1.100 1.100
MODIS-AIRS COT 0.278 0.185 0.070 0.065

Specifically, the following can be concluded:

1) Improvement of 10—40 hPa in rmse was found for
the MODIS-AIRS 1DVAR over the MODIS cloud
product retrievals in a simulation study.

2) MODIS-AIRS 1DVAR improves the AIRS-alone
1DVAR dlightly and is much more efficient in terms
of computation.

3) MODIS-AIRS CTPs and the GOES sounder CTPs
show similar overall cloud patterns.

4) Forward calculations using MODIS-AIRS 1DVAR
retrieved CTP and ECA fit the AIRS observations
very well in the CO, region; however, scattering and
absorption effects have to be accounted for in the
calculations to fit the AIRS observation in the long-
wave window region.

5) Validation efforts in a small number of comparisons
over the ARM—-CART site show that MODIS-AIRS
improves MODIS cloud property retrievals in low
and thin clouds.

6) Sensitivity studies show that changing the back-
ground information has a moderate effect on the
MODIS-AIRS 1DVAR retrieval, implying that the
MODIS-AIRS cloud retrieval is stable in most sit-
uations.
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FiG. 15. The scatterplot between MODIS-AIRS CTPsvs MODIS-
AIRS CTPs from the three configurations: MODIS CTP + 50 hPa
(circles), MODIS CTP — 50 hPa (squares), and MODIS CTP + R
(50 hPa; triangles), respectively.
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Fic. 16. The BT residual rmse with the operational MODIS cloud
products and the MODIS-AIRS-retrieved cloud products, as well as
the rms NeDT for AIRS granule 193 on 6 Sep 2002.

Further validation is necessary using other sources of
cloud measurements such as lidar and ground obser-
vations. Retrievals in multilayer clouds still require
more work; alarge portion of AIRS observations appear
to be in multilayer clouds, and a retrieval scheme for
multilayer clouds using AIRS radiance measurements
needs to be developed. Nonetheless, this preliminary
work presents a strong case for the assertion that MOD-
IS-AIRS cloud property retrievals will produce im-
proved results over those achieved by either system
alone.
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